Xylanase J from alkaliphilic Bacillus sp. strain 41M-1 has a family 11/G catalytic domain and a xylan-binding module (XBM). The XBM of xylanase J was displayed on the surface of filamentous bacteriophage. The XBM expressed on the phage surface retained binding activity to xylan. Random mutations were introduced in the XBM gene by error-prone PCR, and the repertoire was cloned for display on phage. Sequence analysis of the xylanbinding activity-deficient mutants revealed that Phe 284 and Trp317 of the XBM would contribute to the xylanbinding activity.
INTRODUCTION
Xylan is a heterogeneous polysaccharide that has a backbone of |3-l,4-linked D-xylopyranose units with branches containing acetyl, L-arabinofuranosyl and glucopyranosyl residues. Xylanase (1,4-p-D-xylan xylanohydrolase; EC 3.2.1.8) catalyzes the hydrolysis of xylan to xylooligosaccharides and xylose. We have previously isolated alkaliphilic Bacillus sp. strain 41M-1 [1] . The strain produced a novel xylanase (xylanase J) that had an alkaline pH optimum [2] . The gene encoding xylanase J has been cloned and sequenced [3] . Amino acid sequence alignment revealed that the potential catalytic domain belonging to family 11/G was located at the Nterminus of xylanase J (Fig. 1) . A linker-like sequence occurred between the catalytic domain and an additional functionally-unknown domain at the C-terminus. Protein engineering studies indicated that the C-terminal functionally-unknown domain should be a xylan-binding module (XBM) and that the physiological function of the XBM might be to enhance the hydrolysis of insoluble xylan. In this study, we demonstrated phage display of the XBM of xylanase J. Furthermore, we could select variant proteins with the abolished xylan-binding activity from a combinatorial repertoire of the XBM displayed on phage.
MATERIALS AND METHODS
Plasmid pAXJ3R [3] contains the xylanase J gene. Phage vector fNEL, a derivative of fusion-phage vector fUSE [4] kindly provided by Professor T. Yamagata of Tokyo Institute of Technology, was used throughout this study. Preparation of rabbit antiserum against xylanase J and Western blotting analysis were carried out according to the standard methods [5] . Random mutations were introduced by error-prone PCR as described previously [6] .
RESULTS AND DISCUSSION
To display the XBM of xylanase J on the surface of phage, the XBM region of xylanase J gene was PCR amplified from plasmid pAXJ3R and cloned into phage vector fNEL to obtain fNEX2 recombinant phage. In fNEX2, the XBM gene was connected to the mature region of gene III protein (glllp) gene, encoding a minor coat protein of the filamentous phage, via a linker sequence corresponding to the pentapeptide Gly-Gly-Gly- Gly-Ser (Fig. 1) . Production of the XBM/glllp fusion protein on phage was confirmed by Western blotting analysis using anti-xylanase J antiserum (Fig. 2) . By contrast, the antibody did not bind to control phage fNEL. To assess the functional activity of the XBM expressed on the phage surface, we tested the binding ability of fNEX2 phage to the column packed with insoluble xylan. Recombinant phage fNEX2 exhibited 1,000-fold higher xylan-binding activity than fNE phage (Table 1) .
Next, we introduced random mutations in the XBM gene by error-prone PCR and cloned the repertoire into fNEL for expression on the phage surface. This library was applied to the xylanpacked column, and mutants that abolished the xylan-binding activity were selected. The DNA from randomly-selected individual ten clones, obtained after two rounds of selection, was then sequenced. Eight of the mutants contained double mutations, and only two had the same single mutation F284S (amino acid substitution of Phe284 by Ser) ( Table 1 ). All these mutant phages showed decreased xylan-binding rates of 0.0096-0.15%. Furthermore, we restored one of two amino acid substitutions of some double mutants and also assayed for xylan-binding activity. Taken together, these data indicated that the two aromatic residues, Phe 284 and Trp317, of the XBM would required for binding to xylan. 
